Flexible TiO 2 films were deposited as dielectric materials for high-energy-density capacitors on polyethylene terephthalate (PET) substrates using a roll-to-roll sputtering method. Both the growth behavior and electrical properties of the flexible TiO 2 films were dependent on the sputtering pressure and O 2 /Ar gas ratio during the sputtering process. All TiO 2 films had an amorphous structure regardless of the sputtering conditions due to the low substrate temperature. Microstructural characteristics such as the surface morphology and roughness of the films degraded with an increase in the sputtering pressure and O 2 gas concentration. The TiO 2 films deposited at a low pressure showed better electrical properties than those of films deposited at a high pressure. The TiO 2 films prepared at 10 mTorr exhibited a dielectric constant of approximately 90 at 1 kHz and a leakage current density of 5~6 × 10 -7
Introduction
igh-energy-density capacitors are becoming increasingly important when used in applications such as hybrid electric vehicles, medical devices, spacecraft and weapons. The main limitation to delivering more energy is the capacitance of the energy-storage capacitors themselves. Dielectric materials play a key role in power capacitors for charge control and energy storage. [1] [2] [3] Polymer dielectrics are currently the primary choice of materials for high-energy-density capacitors due to their relatively high breakdown strength, low dielectric loss and low cost. The polymers used in commercial capacitors include polyethylene terephthalate (PET), polycarbonate (PC), and biaxially oriented polypropylene (BOPP), [4] [5] [6] but the low dielectric constants (ε r ~ 2 to 3) of polymer dielectrics limit their applications. On the other hand, ceramic capacitors have much higher energy densities than those of polymer film capacitors due to their high dielectric constant. Nevertheless, ceramic capacitors show low breakdown strength due to microstructural defects, resulting in a low energy density. 7, 8) The energy that can be stored in a capacitor depends on the relative dielectric constant and the square of the breakdown strength of the dielectric layer according to Eq. (1), E= ½·ε o ·ε r ·E bd 2 (1) where E is the stored energy per unit volume (J/m 3 ), ε o is the dielectric constant of the vacuum, ε r is the relative dielectric constant of the dielectric film and E bd is the breakdown strength (V/m). The energy density of a capacitor will increase if the E bd value is kept constant and the ε r value is increased.
The aim of this study is to prepare a ceramic dielectric film for a high-energy-density capacitor with the structure of a flexible polymer film capacitor. TiO 2 has been evaluated extensively for electronic applications, including type I capacitors, low-temperature co-fired ceramic substrates (LTCCs), and varistors. 9, 10) Owing to its relatively high dielectric constant (ε r ~100) and high breakdown strength (> 100 kV/cm), TiO 2 is considered as a potential dielectric material for high-energy-density capacitor applications.
11) A range of techniques have been used to prepare TiO 2 thin films, including sputtering, 12) MOCVD, 13) and spray pyrolysis. 14) In this study, TiO 2 films were deposited on flexible PET substrates using a roll-to-roll sputtering method. The applicability of a TiO 2 /PET film to a high-energy-density capacitor was evaluated by examining the effects of the process conditions and the electrical properties.
Experimental Procedure
Flexible TiO 2 films were deposited on PET substrates at room temperature by means of roll-to-roll sputtering. As shown in Fig. 1(a) , the laboratory-scale sputtering system used for the deposition of the flexible TiO 2 films was equipped with the following components: a wind and unwind roller, a cooling plate, a thickness monitor, a tension controller and a sputter source. PET substrates with a thickness 4~10 μm were passed repeatedly over the cooling H plate by the motion of the wind and unwind roller during the sputtering process. An adjustable amount of tension was applied to the PET substrate using the wind and unwind roller. A TiO 2 target with a three-inch diameter was synthesized using TiO 2 powder (99.9%, Rutile) and placed at a distance of 60 mm from the PET substrate. The target was pre-sputtered for 30 min. before the sputtering of the TiO 2 films to remove any surface contamination and to mitigate the non-stoichiometry of the TiO 2 target substrates. An RF power of 100 W was applied to the target, and the TiO 2 films were continuously sputtered on the winding Al/PET substrates, as shown in Fig. 1(b) . At a constant winding speed of 1mm/min., a flexible TiO 2 thin film was prepared on a PET substrate as a function of the chamber pressure and O 2 /Ar gas ratio. The ranges of sputtering pressures and O 2 / Ar gas ratios were controlled at 10 to 70 mTorr and 0 to 1, respectively. The thickness and surface morphology of the flexible TiO 2 films were measured by means of field-emission scanning electron microscopy (FESEM, Jeol, JSM-6700F) and by atomic force microscopy (AFM, Digital Instrument, NanoScope). The structural properties and chemical state of the TiO 2 films were examined by x-ray diffraction (XRD, PANalytical X'pert pro) and X-ray photoelectron spectroscopy (XPS, ULVAC-PHI, Quantera SXM), respectively. To measure the electrical properties of the TiO 2 films, Al top electrodes, 100 nm thick and 1 to 10 mm in diameter, were deposited by DC sputtering, after which capacitors with the Al/TiO 2 /Al/PET structure were fabricated. The dielectric constant and dissipation factor were measured as a function of the frequency using an impedance-gain phase analyzer (HP 4194A). Current-voltage (I-V) measurements were taken using a picoammeter (HP 4140B) under conditions of a 0.1 V step and a delay time of 0.1s. Fig. 2(a) shows the change in the thickness of the TiO 2 films as a function of the winding speed. TiO 2 films were deposited with 10 mTorr of Ar gas. The winding speed was changed by controlling the RPM of the roller, and the film thickness was calculated from SEM cross-sectional images. An increase in the winding speed led to a decrease in the thickness of the TiO 2 thin films because the exposure time of the PET substrate at the sputtering region of the TiO 2 target decreased linearly when increasing the winding speed. The winding speed was fixed at 1mm/min. under all process conditions. Although an increase in the RF power resulted in an increase in the deposition rate, the applied power was fixed at 100 W to prevent thermal deformation of the thin Al/PET substrate. Fig. 2(b) shows XRD patterns of TiO 2 thin films deposited at different sputtering pressures. The sputtering pressure was controlled by the flow of the argon gas used as the sputtering gas. All XRD patterns of the TiO 2 thin films showed only an intense PET substrate peak at a region of ~26 o . All flexible TiO 2 thin films showed an amorphous structure regardless of the pressure due to the low substrate temperature during the roll-to-roll sputtering process. In addition, all flexible TiO 2 thin films grown at different O 2 /Ar gas ratios also showed an amorphous structure (not shown here) regardless of the O 2 /Ar flow ratio. Amorphous and nano-crystalline TiO 2 films deposited on PET substrates at room temperature have also been reported. Fig. 3(a)~(d) shows SEM surface images of TiO 2 thin films grown on PET substrates at different sputtering pressures. The surfaces of all TiO 2 films deposited at a chamber pressure ranging from 10 to 70 mTorr were relatively smooth and without defects such as cracks or pinholes due to the low-temperature deposition process. The films deposited at lower pressures (10~30 mTorr) had a uniform surface but those deposited at high pressures (50~70 mTorr) had an irregular structure and consisted of agglomerates with a substructure. These results can be understood in terms of the following mechanism. The energy of the particles decreases with an increase in the pressure due to the higher number of collisions.
Results and Discussion

15,16)
17) The surface mobility of the particles decreases with a decrease in the energy, and the coalescence of the crystals is limited. 18) Figs. 3 (e) and (f) show images of films grown at 10 mTorr with O 2 /Ar gas ratios of 0.5 and 1, respectively. The white particles on the surfaces of the films became larger as the O 2 /Ar gas ratio increased. As is well known, PET is quite sensitive to moisture and O 2 gas; hence, a PET substrate absorbs and becomes permeated with moisture and O 2 gas.
19) The growth of large white particles may be attributed to the absorption of oxygen and H 2 O. Fig. 4 shows the roughness, deposition rate and AFM images as a function of the chamber pressure and O 2 /Ar gas flow ratio. The AFM images show that the surface roughness of the films increased with an increase in the sputtering pressure. The TiO 2 films showed roughness values of 2.5 to 12.2 nm at pressures of 10 to 70 mTorr. The increase in the roughness of the film at high chamber pressures can be explained by the agglomerates used, which had a substructure and low adatom mobility. The deposition rate of the films decreased with an increase in the chamber pressure. The deposition rate (R/R 10 mTorr ) refers to the deposition rate of the film deposited at other pressures compared to that of the film deposited at 10 mTorr. The deposition rate (R/ R 10 mTorr ) of the film deposited at 70 mTorr was 0.2. The decrease in the deposition rate with an increase in the pressure was attributed to collision scattering between the sputtered TiO 2 and the Ar species in the chamber. As shown in Fig. 4(b) , the average roughness of the films increased abruptly and the deposition rate decreased with an increase in the O 2 /Ar gas flow ratio. The sputtering pressure was fixed at 30 mTorr. The deposition rate (R/R 0 ) refers to the deposition rate of the film at other gas ratios compared to that of films deposited with only Ar gas. The decrease in the deposition rate was attributed to a smaller sputtering yield of O 2 + compared to that of Ar + .
20)
At an O 2 /Ar gas ratio of 1, the film showed significant roughness of 335 nm due to the increase in the surface absorption.
XPS provides information about the surface composition and oxidation state. Fig. 5 shows the XPS spectra of TiO 2 films deposited at O 2 /Ar gas ratios of 0 and 1. In the wide scan shown in Fig. 5(a) , the PET substrate showed a C1s peak at 284.6eV of the CH group and an O1s peak at 529.1eV, indicating the presence of surface OH groups. These groups are always present when a TiO 2 film is exposed to air. TiO 2 films deposited on PET also showed C1s and O1s peaks in addition to Ti. respectively. Our previous report on a Ti2p peak deconvoluted into four peaks showed that the concentration of the Ti 4+ state was more than that of Ti 3+ in TiO 2 films. 21) These results correspond to the presence of TiO 2 .
22) The O1s peak shown in Fig. 5(d) was observed at 529.2~529.9 eV according to the O 2 /Ar gas ratio. The O1s peaks at gas ratios of 0 and 1 were deconvoluted into two peaks at 529.03 and 530.36 eV, and 529.12 and 530.15 eV, respectively. These two peaks were assigned to the TiO 2 (Ti
4+
-O) and OH − groups, respectively.
23) The contents of the surface OHgroups in the film from a gas ratio of 1 were higher than that from a gas ratio of 0, but the ratio of the TiO 2 (Ti
-O) and OH -groups in both samples was approximately 8:2. This suggests that the film has a stable chemical state of TiO 2 .
Figs. 6 (a) and (b) show the change in the dielectric constant and dissipation factor as a function of the frequency for TiO 2 films deposited at various sputtering pressures. The dielectric constant of the films deposited at high pressures (50 and 70 mTorr) showed an abnormally large value in the low-frequency region and a remarkable decrease in the high-frequency region. The films deposited at low pressures (10 and 30 mTorr) show a dielectric constant of 93~82 at 1kHz. This dielectric constant of TiO 2 films is quite high despite the fact that the films are amorphous. The reported dielectric constants of amorphous TiO 2 films are 50~70 12) and 100 24) and 16~52 25) for films prepared by sputtering. The high dielectric constant of amorphous films can be attributed to the high dissipation factor, but the precise reason for this phenomenon requires further investigation. The dissipation factor increased with an increase in the chamber pressure. The dissipation factor of TiO 2 films is relatively high. The film deposited at 10 mTorr showed a dissipation factor of 0.12 at 1kHz. The better dielectric properties of the films deposited at a low pressure can be attributed to the stable microstructure and low film roughness. On the other hand, it is impossible to measure the dielectric properties of the films deposited with an Ar and O 2 mixed gas due to the very leaky properties. Fig. 6(c) . In contrast, the films deposited at an O 2 /Ar gas ratio of 1 acted as a conductor because the impedance was quite low and the phase value changed from 0 to 30 o with the frequency. The leakage current in a high-energy-density capacitor should be as low as possible to optimize the storage capacity. Fig. 7 shows the leakage current characteristics of the TiO 2 films. As shown in the figure, the leakage current increased gradually with an increase in the sputtering pressure. The leakage current was reported to be affected by the grain size, crystallinity and surface morphology. The increase in the leakage current with the pressure was attributed to the increase in the surface roughness of the film. The film deposited at 70 mTorr exhibited a dielectric breakdown voltage at 0.5 MV/cm. The film deposited at 30 mTorr showed fluctuations of the leakage current due to self-healing, referring to its ability to recover after an instantaneous breakdown. The leakage current density of the films deposited at 10 mTorr was approximately 56 × 10
A/cm 2 at 3MV/cm. The leakage current density of the film deposited at 10 mTorr is lower than that of TiO 2 thin films prepared by other methods. 11, 14) The magnitude of the leakage current with the sputtering pressure followed the variation trends of the dissipation factor shown in Fig. 6 . This suggests that the dissipation factor of TiO 2 films proceeds via a resistive loss mechanism, in which the energy is dissipated by mobile charges.
Conclusion
This study examined the effects of the total pressure and O 2 /Ar gas ratio during the sputtering process on the microstructure, surface morphology, deposition rate and electrical properties of roll-to-roll sputter-deposited TiO 2 films. The deposition rate of the films decreased with an increase in the chamber pressure, and the surface roughness of the films increased with an increase in the sputtering pressure. The XPS spectra suggest that the films have a stable chemical state of TiO 2 . The optimum deposition condition was determined to be a pressure of 10 mTorr under Ar gas only. The TiO 2 films deposited at low pressure showed better electrical properties than the films deposited at a high pressure. The TiO 2 films prepared at 10 mTorr showed a dielectric constant of ~90 at 1 kHz and a leakage current density of 5~6 × 10 −7 A/cm 2 at 3 MV/cm. The flexible TiO 2 films deposited onto PET substrates show a high dielectric constant and low leakage current. However, the dissipation factors are relatively high.
